We present the first observation of 0313−192, the archetypal spiral DRAGN, at VLBI resolutions. Spiral DRAGNs are Double Radio Sources Associated with Galactic Nuclei (DRAGNs) that are hosted by spiral galaxies. 0313−192 is an edge-on spiral galaxy that appears to host a 360 kpc double-lobed radio source. The core of this galaxy is clearly detected at L, S, and X-bands using the VLBA, signifying an ongoing active nucleus in the galaxy. This rules out the possibility that the spiral DRAGN is merely a chance alignment. The radio core has L 1.4 GHz ∼ 3.0 × 10 23 W Hz −1 . Radio components are detected to the South-West of the core, but there are no detections of a counterjet. Assuming a symmetric, relativistic jet, we estimate an upper limit to the inclination angle of θ 72 degrees. The VLBI-detected radio jet components are extremely well-aligned with the larger-scale radio source suggesting little to no jet disruption or interaction with the ISM of the host galaxy.
INTRODUCTION
Spiral DRAGNs are spiral galaxies that host Double-lobed Radio sources Associated with Galactic Nuclei (DRAGN, Leahy 1993 ). They are not predicted by standard galaxy formation models (e.g. Hopkins et al. 2008 ), which require a major merger to trigger a DRAGN (Chiaberge et al. 2015 ), yet such mergers would destroy spiral morphology. There are instances where radio-loud AGN are hosted by spiral galaxies, as in Seyfert galaxies. However, these radio structures are generally sub-kpc and confined within the scale-height of the host galaxy (e.g. Ulvestad & Wilson 1989) . Accretion of matter onto the central black hole can produce a radioloud AGN, however models suggest that a major merger is required to launch kpc-scale jets (Chiaberge & Marconi E-mail: minnieyuanmao@gmail.com 2011). Empirically, DRAGNs in the local Universe are almost always hosted by elliptical galaxies.
The archetypal Spiral DRAGN 0313−192 (WISE J031552.09-190644 .2, z = 0.067) was first reported by Ledlow, Owen, & Keel (1998) ; Ledlow et al. (2001) . Follow-up observations by Keel et al. (2006) with the Hubble Space Telescope suggest the host galaxy to be an edge-on spiral galaxy, likely Hubble type Sb. This is the first instance of a spiral galaxy hosting a large-scale double-lobed radio source. Some Seyfert galaxies are hosted by spiral galaxies, however, the radio structures associated with Seyfert galaxies never exceed the scale-height of the host galaxy. All examples of spiral DRAGNs to-date host DRAGNs that are at least an order of magnitude larger in physical size than the host galaxy (e.g. Mao et al. 2015; Ledlow et al. 2001; Mulcahy et al. 2016) .
Since the discovery of 0313−192, there have been a num-ber of spiral DRAGNs reported in the literature (e.g Hota et al. 2011; Bagchi et al. 2014; Mao et al. 2015; Singh et al. 2015; Mulcahy et al. 2016) . Mao et al. (2015) performed a systematic search for these enigmatic sources by crossmatching an optically selected sample of spiral galaxies from Galaxy Zoo (Lintott et al. 2008 ) with extended radio sources from FIRST and NVSS (Becker, White, & Helfand 1995; Condon et al. 1998 ) and found only one. The small number of discovered spiral DRAGNs in the Universe suggests that these sources are very rare. Understanding spiral DRAGNs may reveal insights in galaxy formation.
0313−192 hosts a 360 kpc DRAGN with a 1.4 GHz integrated flux density of 98 mJy, which at z = 0.067, translates to a total power of L 1.4 GHz ∼ 10 24 W Hz −1 , typical to the FRI population (Fanaroff & Riley 1974) . The large-scale radio morphology is also consistent with an FRI morphological type (e.g. Ledlow, Owen, & Keel 1998) . The spiral host galaxy resides in the poor cluster Abell 428.
The AGN shows no signs of variability, the Parkes PMN survey in 1994 found a flux density of 87±11 mJy at 4.8 GHz (Griffith et al. 1994) , while a flux density of 99 ± 5 mJy was measured at 5 GHz as part of the AT20G survey in 2010 (Murphy et al. 2010) . Keel et al. (2006) suggest that the DRAGN associated with the spiral galaxy 0313−192 may be due to the combination of a number of factors. Firstly, the bulge of the spiral galaxy is overluminous, suggesting that the central black hole is unusually massive thus the associated radio jets may be able to travel faster than, for example, in Seyfert galaxies. Moreover, the radio lobes are almost exactly perpendicular to the disc of the host galaxy in the plane of the sky. The combination of powerful fast radio jets with less interstellar medium for them to burrow through may allow for radio lobes to develop. Finally, the spiral galaxy appears to have a warped stellar disc, which is evidence for a minor merger in the galaxy's past. Given that a merger is currently predicted to be necessary for the formation of DRAGNs, understanding whether a minor merger occurred in the history of this galaxy is vital for constraining formation models of galaxies and DRAGNs.
Interestingly, all of the other spiral DRAGNs detected to date also appear to have unusually massive bulges, and reside in overdense environments.
The rarity of spiral DRAGNs provides an unprecedented opportunity to challenge the standard galaxy formation model. However, the veracity of these sources must first be confirmed. Shaver et al. (1983) presented the first putative spiral DRAGN in the literature. With higher resolution optical data, they determined that the large-scale DRAGN seemingly associated with the host spiral galaxy was in fact a chance-alignment and actually associated with a background elliptical galaxy. In order to confirm the association of the DRAGN with the spiral galaxy 0313−192 we observed the source using VLBI. VLBI observations of 0313−192 enable us to accurately locate the core of the radio source so we can confirm that it is coincident with the centre of the optical galaxy, rather being a chance superposition. Furthermore, a VLBI detection would confirm that the central engine is active. This paper presents the results of our VLBI observations of the core of 0313−192. This paper uses H 0 = 71 km s −1 Mpc −1 , Ω M = 0.27 and Ω Λ = 0.73 (Spergel et al. 2003 ) and the web-based calculator of Wright (2006) Please see table 1 for more details. The observation consisted of ten and a half hours of phase referenced observations involving blocks of eight minutes on 0313−192 and two minutes on the phase reference source 0325-222. Two ten minute scans on 1921-293 and 0537-441 were used for fringe finding and bandpass calibration. Unfortunately these data had some calibration issues, compromising both the sensitivity and resolution of the data, resulting in a final image with an rms of 71 µJy beam −1 and beam FWHM 18.7×15.5 mas.
VLBA
0313−192 was observed at 1.4 GHz, 2.3 GHz, and 8.4 GHz using the standard L, S, and X-band systems of the Very Long Baseline Array (VLBA) in January to August 2013 (Project code BM376). Please see table 1 for details on frequencies and observations. Each band was observed for 3 × 3 hours for a total of 9 hours total observing per band. The observations were dynamically scheduled and the observations covered a range of hour angles. The observations were conducted using nodding-style phase referencing with four minutes on 0313−192, and one minute on the phase calibrator, J0315-1656. The strong source J0339-0146 was used as the fringe finder and bandpass calibrator. The data were processed using the Astronomical Image Processing System (AIPS, Greisen 2003) following the standard data reduction recipe set out in Appendix C of the AIPS Cookbook. The AIPS tasks uvflg, spflg, and rflag were utilised for flagging bad data. Minimal flagging was necessary for L-and X-bands, however the S-band data were severely hampered by RFI and five of the eight IFs were almost completely flagged. LA was used as the reference antenna, with PT used when LA was unavailable.
Imaging and self-calibration was performed using DIFMAP (Shepherd, Pearson, & Taylor 1994) .
RESULTS
The core of 0313−192 is detected at S-band with the LBA, and L-, S-, and X-band with the VLBA. The LBA observations detected an unresolved point source with a flux density of 53.6 ± 8.4 mJy. The longer baselines of the VLBA enabled higher resolution images that were able, at all three observed frequencies, to resolve the radio structure. Table 2 provides a summary of the VLBA data. Keel et al. (2006) were able to constrain the optical and radio positions to within 0.2 . The X-band VLBA data provide the best positional information due to the smaller beam size. The error in the radio astrometry is dominated by phase calibration errors, resulting in a positional accuracy of approximately 0.48 mas. As stated in Keel et al. (2006) , the coincidence of the VLBI detections of a compact source with the optical centre of 0313−192 effectively eliminates any possibility of the spiral host and DRAGN being in a chancealignment. A ∼30 mJy compact source detected at L-band using the VLBA has a brightness temperature of T b > 10 8 , which can only be attributed to the presence of an AGN. The integrated flux of the naturally weighted S-band source agrees within the errors with the S-band LBA observations from 2009 suggesting little variability on this timescale. The compact radio detection at the position of the optical host, and the detection of jet components, confirms the presence of an active AGN.
VLBI detection and Chance-alignment

VLBA-detected Core and Jet
Ledlow et al. (2001) report an inverted spectral index 1 of the radio core of 0313−192 with α 4.9GHz 43GHz = 0.2, which is common for AGN cores. They also note the steeper inverted spectrum between 1.4 GHz and 4.9 GHz, likely due to either free-free or synchrotron self absorption. The new VLBA observations confirm the inverted nature of the spectral index of the core. We measure a core spectral index of α 4.9GHz 43GHz = 0.37 ± 0.05 using the L, S, and X-band VLBA measurements of the unresolved radio core.
Previously published VLA data of 0313−192 at L-and X-band suggest the presence of a radio jet to the South of the host galaxy (Ledlow et al. 2001) . Although the diffuse radio lobes are detected on either side of the host galaxy, the putative jet suggests that the radio jets are oriented with the Southern jet emitting towards the line-of-sight.
We detect components of the Southern jet at L-, S-, and X-band, using the VLBA. Although there are tentative detections of components in the Northern jet at S-band, these are not detected at L-and X-bands suggesting either components of highly unusual spectral indices, or more likely, imaging artefacts at S-band. The S-band observations were considerably plagued with RFI, requiring flagging of >50 percent of the data (5 out of 8 sub-bands were flagged almost completely, in addition to time based flagging per station). Some of the remaining S-band data are likely still affected by the RFI resulting in amplitude errors which tend to produce symmetrical artifacts (Walker 1995) . The L-band data also required ∼25 percent of the data to be flagged (2 out of 8 sub-bands were flagged almost completely). The detection of the Southern jet with the VLBA confirms the hypothesis that this radio source is oriented with the Southern jet coming towards the line-of-sight. Assuming a symmetrical jet as described in Lind & Blandford (1985) , the jet-to-counterjet ratio is given by:
Where S a is the flux density of a component in the approaching jet, S r is the flux density of a component in the receding jet, index n = 2 for an unresolved 'flow' or n = 3 for a resolved 'knot', α is the spectral index of the component, β is the jet speed (β = v/c) and θ is the inclination angle of the source to the line of sight. Using component C2 shown in Figure 2 , which has a spectral index α = −0.333 we find S a = 456 µJy at L-band. The absence of a clear counterjet detection puts an upper limit on S r < 3σ = 54 µJy. Since C2 is resolved we use n = 3. For the limit case of β = 1 this gives an upper limit to the inclination angle of θ 72 degrees. For a less relativistic jet β = 0.5, θ 52 degrees.
At S-band the same calculation with S a = 381 µJy, S r < 3σ = 123 µJy and β = 1 gives a limit of θ 80 degrees. At X-band, S a = 273 µJy, S r < 3σ = 42 µJy and β = 1 gives a limit of θ 74 degrees.
These values are in good agreement with those calculated by Keel et al. (2006) , who found θ 75 degrees using X-band VLA data as well as Chandra X-ray data. This also remains consistent with a model of the source in which the jets lie relatively close to perpendicular to the host galaxy and so interact with a minimum of interstellar gas, further evidenced by their linear nature.
The clear detection of a jet with discrete components provides (particularly at X-band) a first epoch for proper motion studies of the jet. Further epochs would allow determination of a (possibly superluminal) jet speed which would give a tighter limit to the inclination angle.
The stellar density in the centre 100 pc of the Milky Way is of order 10 3 stars/pc 3 (Oort 1971) . As can be seen in Figure 1 , the pc scale jet extends out at least 250 mas which at a redshift of 0.067 gives a physical scale of approximately 300 pc. Considering an 'average' jet width of order 50 pc (Helmboldt et al. 2008) , and assuming a similar stellar core density in 0319-192 as in the Milky Way, this gives a high likelihood of jet-star interaction as proposed by HuarteEspinosa et al. (2013) . No clear evidence of such interaction is seen in the VLBI images presented here, however further epochs of observation would allow for the identification of stationary components/features indicative of jet-star interactions as seen in, for example, Centaurus A (Müller et al. 2014) .
The presence of a DRAGN within a spiral host suggested that we may detect interaction of the radio jet with the ISM of the host galaxy at VLBI resolutions. Curiously, the detected components of the Southern jet appear to be in excellent alignment ( 10 degrees) over pc to kpc scales (Figure 3 ). All three observed VLBA frequencies detect radio components of the Southern jet at the same angle to the core, and this angle is seen in the lower-resolution X-band VLA observation, as well as the even lower resolution Lband VLA observation. The L-band VLA observations from Ledlow et al. (2001) do appear to show a slight change in angle of the lobe outside the scale-height of the host galaxy.
An explanation for this apparent lack of interaction with the spiral host galaxy's ISM may be due to the orientation of the radio structure with respect to the disk of the host galaxy. As the jets/lobes are largely aligned with the minor axis of the host galaxy, perhaps there is simply less ISM for the radio jets to interact with. The large-scale radio lobes indicate sustained and/or repeated phases of AGN activity over timescales of > 10 7 years. It is possible that the radio jets from earlier epochs have cleared out the ISM on this trajectory. Ledlow et al. (2001) find HI absorption at ν = 20, 106 km s −1 with optical depth τ = 0.98 and a narrow line width (FWHM) of ∼ 34 km s −1 . The first sub-band of the VLBA observations presented in this paper was centred at the redshifted HI frequency of 1331.214 MHz (v ∼ 20100 km s −1 , and the central 4 MHz correlated with a spectral resolution of 20 kHz (4.5 km s −1 ). The resulting spectrum is shown in Figure 4 and is in good agreement with that of Ledlow et al. (2001) .
HI
The absorption is best fit by a two component Ledlow et al. (2001) (but is not discussed), but is confirmed by the higher-resolution VLBA spectrum, perhaps suggesting the presence of an outflow (or inflow). These components lie at velocities of 22 km/s and 60 km/s respectively from the systematic velocity of V helio = 20100 km/s. As noted by Ledlow et al. (2001) , the majority of HI absorption features seen in AGN hosts show line widths in excess of 50 km/s, produced by features close to the nucleus (and hence with a high range of velocities). In this case it is thus likely that the absorption is originating from gas in the ISM of the galaxy, perhaps in a spiral arm or dense cloud.
No perturbed neutral gas is detected spatially, but this may be due to the lack of continuum emission detected away from the nucleus, making it difficult to probe the gas kinematics on larger scales.
CONCLUSIONS
This paper presents the first observations of a spiral DRAGN at VLBI resolutions. We have detected the core of 0313−192, the archetypal spiral DRAGN, using both the LBA and the VLBA. The longer baselines of the VLBA enabled the LBAdetected point-source to be resolved. The detection of the radio core of 0313−192 eliminates the chance that the DRAGN was merely chance aligned with the spiral host. Moreover, detecting the core at VLBI resolutions confirms the presence of an active AGN in the core of this spiral galaxy. The approaching jet is detected at all three observed frequencies of the VLBA. Assuming a symmetric, relativistic jet we were able to estimate an upper limit to the inclination angle of θ 72, which is the best constraint made to-date. Perhaps unexpectedly, the VLBI detected radio jet is in excellent alignment with the larger-scale jet components detected with the VLA at L-and X-band. This suggests little if any disruption to the jet by the host galaxy's ISM. We suggest this may be due to the orientation of the DRAGN as it is aligned with the minor axis of the galaxy.
Currently accepted galaxy formation models require a major merger, where both galaxies are of similar size, to trigger a DRAGN. Spiral galaxies are not expected to withstand a major merger. Consequently, the existence of spiral DRAGNs challenges these models. Our results show that, even on VLBI-scales, the radio jet is being emitted perpendicular to the stellar disk of the spiral galaxy. We see no evidence for interaction by the jets with the spiral galaxy's ISM. The DRAGN hosted by 0313−192 has a total spatial extent of 360 kpc. The large-scale nature of the radio lobes may suggested sustained or repeated phases of AGN activity over timescales of >10 7 years. A possible explanation for linear nature of the VLBI-scale jet may be that the radio jets from earlier epochs have already cleared out material in their path.
As suggested by Keel et al. (2006) , perhaps a minor merger or interaction was sustained by 0313−192 earlier in its lifetime that triggered the DRAGN, but was sufficiently minor to not disturb the spiral host completely, as seen in some Seyfert galaxies (e.g. Taniguchi 1999 ). The serendipitous orientation of the jet to the stellar disk and the lack of disturbance to the radio structure over the last >10 7 years, as evidenced by the linear structure on pc to kpc scales, may then explain the prevalence, and hence size, of the DRAGN associated with 0313−192.
All of the currently detected spiral DRAGNs reside in galaxy groups or clusters, show evidence for prior mergers and/or interactions, contain prominent bulges, and have their large-scale radio lobes perpendicular to the stellar disk of the spiral host.
Spiral DRAGNs appear to require very specific conditions in order to exist: a minor merger earlier in their lifecycle that doesn't disturb the spiral structure too greatly, a denser-than-normal environment, and jets that are perpendicular to the stellar disk.
Although more spiral DRAGNs must be investigated in order for these parameters to be quantified, the evidence todate suggests that DRAGNs may perhaps require mergers that were more minor than previously hypothesized. However, the small number of detected spiral DRAGNs in the local Universe attests to the specificity of the conditions required to produce these enigmatic objects. University of Technology software correlator, developed as part of the Australian Major National Research Facilities Programme. We are grateful for the many useful comments from the MNRAS Science Editor and the insightful suggestions made by our wonderful referee, Professor Eric S. Perlman.
